Introduction
Metal adsorbates on semiconductor surfaces are important since various one dimensional (1D) and two dimensional (2D) structures can be formed. Some of these act as simple model systems for the study of various physical phenomena [1] [2] [3] [4] [5] [6] . Extensive studies have been performed on adsorbate induced structures on, for instance, Si(111) and Ge(111). Some of these structures form on top of the (111) crystals terminated by an atomic double layer, while others form on a modified crystal where the outermost atomic layer is missing. Silver (Ag) and gold (Au) are examples of metals that induce various 2D structures on Si(111) and Ge(111) where the outermost layer is missing [7] [8] [9] [10] [11] [12] [13] [14] , as in the case of the 3 3 × structure formed by one monolayer (1 ML) of either Au or Ag [7, 8] . These 3 3 × surfaces have been subjected to intensive studies because of their interesting electronic and atomic structures [1, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Further, an addition of noble (Ag, Au and Cu) or alkali (Cs, K and Na) metal atoms results in new periodicities that are formed as superstructures on the 3 3 × surface. They develop after the addition of these extra atoms without annealing, as the atoms find specific sites on the 3 3 × surface lattice. The 21 21 × and 6×6 periodicities formed by small amounts of monovalent atoms (Ag, Au, Cu, Cs, K or Na) added to the Ag/Si(111) 3 3 × surface are two such examples [9, [28] [29] [30] [31] [32] . Similarly, a small amount of Ag or Au on Ag/Ge(111) 3 3 × results in 39 39 × and 6×6 superstructures [10, [33] [34] [35] .
In this paper, we present a detailed electronic structure study of the 6×6 phase prepared by depositing 0.2 ML of Ag onto a well-ordered Ag/Ge(111) 3 at different Γ -points of the 6×6 SBZs leads to gaps in the surface band structure.
Experimental details
ARPES was employed to study the electronic structure of the 6×6 surface. Experiments were performed at beamline I4, at the MAX-III storage ring of the MAX-lab synchrotron radiation facility in Lund, Sweden. Photoemission data were obtained at a photon energy of 30 eV with energy and angular resolutions of ≈50 meV and ±0.3°, respectively. A hemispherical electron analyzer with a 2D detector (SPECS Phoibos 100) was used to collect the electronic structure data consisting of emission intensity versus emission angle maps. Low energy electron diffraction (LEED) was used to check the surface quality and to align the sample azimuthally.
The vacuum system had a base pressure of less than 1×10 -10 
Results and discussion
In Figs. 1(a) and 1(b), we present LEED results for the 3 reconstruction that are present at a coverage of less than 1 ML [7, 12, 13] . Furthermore, since there is no ring-like diffraction around the sharp spots, which would be indicative of a small surplus of Ag, we conclude that the amount of Ag remaining after annealing must be very close to 1 ML.
However, after adding a small amount of Ag (0.2 ML), there are extra spots which correspond to a 6×6 periodicity, see Fig. 1(b) . Fig. 2(a) . There are six surface bands in total of which some follow the 6×6 periodicity, and all are in the gap region within 1.8 eV below the Fermi level (EF). The S2 -S4 bands of the 3 3 × surface are present also in the data from the 6×6 surface with just small changes in their appearance. The dispersion of the S1 band, on the other hand, undergoes dramatic changes. S1 on the 3 3 × surface is an essentially empty parabolic band that has the energy minimum just slightly below EF. The precise position of the minimum is very sensitive to electron doping caused by electron donation from a small amount of additional Ag atoms on the surface. One should also note that the minimum of the S1 band is located at Γ -points of the 3 3 × SBZ. Experimentally, it is difficult to identify S1 in normal emission, but it appears clearly at Γ -points of the 3 3 × SBZ coinciding with K -points of the 1×1 SBZ. In the 3 3 × data presented in Fig. 2(b) the S1 minimum is at ≈-0.65 eV at the Γ 1-point of the 3 3
When more Ag is added to the In order to sort out the shapes of the curves inside each 6×6 SBZ, in Fig. 3(d) , we have drawn circles tracing the experimental constant energy contours. Each circle (in red) is concentric with one of the 6×6 SBZs shown by the white hexagons. The schematic drawing in Fig. 3(e) illustrates the result of umklapp scattering. The complicated surface band structure of the 6×6 surface can be understood in terms of umklapp scattering of the parabolic surface band S1 originating from the underlying 3 3 × structure. With the addition of 0.2 ML of Ag to form the 6×6 superstructure the band minimum changed from 0.65 to 0.85 eV below EF. At the same time the extension in k  increased. These changes can be seen by comparing the shape of S1 in Fig. 2(b) with S1 in Fig. 2(d) . There is also a qualitative difference between S1 of the 3 3 × and 6×6 surfaces, i.e., S1 crosses the Fermi level in the case drawn with a radius corresponding to an energy slightly above EF, compared to the experimental curves in Fig. 3(a) , for the sake of discussion.
The S1 band of the 6×6 surface, centered at the 2 Γ -point along . A corresponding parabolic dispersion is drawn in Fig. 4(b) . This schematic band, which mimics the S1 band of the 3 3 Instead of a band crossing, the experimental band structure has a maximum at the 3 M -point. This is indicative of a gap opening up at the 3 M -point. A similar gap was reported for the Au induced Ag/Si(111) 21 21 × surface when umklapp branches of S1 from neighboring 21 21 × SBZs cross. In that case, the gap was found to be 110 meV centered at an energy of approximately 0.28 eV below the Fermi level [21] . Since that gap was relatively small compared to the absolute energy position, the S1 band from neighboring SBZs were also observed above the gap in the case of Ag/Si(111) 21 21 × . This is not the case for the Ag/Ge(111)6×6 surface.
A weak contribution from umklapp bands centered at 6×6 Γ -points above and below the ky=0 line is also present. Since the two-dimensional dispersion of S1 is not cut through the center in this case the dispersion will be shallower. A similar, but much clearer example of this, is shown 
